[1] Pre-instrumental surface temperature variability in the Southwestern United States has traditionally been reconstructed using variations in the annual ring widths of high altitude trees that live near a growth-limiting isotherm. A number of studies have suggested that the response of some trees to temperature variations is non-stationary, warranting the development of alternative approaches towards reconstructing past regional temperature variability. Here we present a five-century temperature reconstruction for a highaltitude site in the Rocky Mountains derived from the oxygen isotopic composition of cellulose (d 18 O c ) from Bristlecone Pine trees. The record is independent of the co-located growth-based reconstruction while providing the same temporal resolution and absolute age constraints. The empirical correlation between d
Introduction
[2] During the mid 19th century, the annual growth rate of trees at some high altitude sites across the southwestern United States began to increase, in some instances reaching rates greater than at any time in the past 1,000 years [Salzer and Kipfmueller, 2005; Salzer et al., 2009; LaMarche and Stockton, 1974] . The change in growth rate has been attributed to increasing regional surface temperatures that began in the late 19th century [Salzer et al., 2009] . This interpretation stems from a physiological argument that posits trees growing near the $8.5
C isotherm (the temperature required for xylogenensis) will respond to small increases or decreases in temperature [Rossi et al., 2008] . However, a number of recent studies have identified non-stationary and/or nonlinear aspects in the growth response to varying temperature [D'Arrigo et al., 2008; Graumlich, 1991] . For example, at some high latitude sites in North America the response of tree growth to temperature has weakened epidemically and in some cases become negligible during the mid to late 20th century [Visser et al., 2010] . This phenomenon has been deemed the divergence problem, interpreted to reflect that temperature is no longer the limiting factor for growth at some sites [Wilson et al., 2007] . While a comparable phenomenon has not been identified in growth records from the southwestern US, both LaMarche and Stockton [1974] and Routson et al. [2011] show that the growth response of ancient Bristlecone Pines to temperature varies with the degree of moisture-stress the trees experience. Therefore, an analogous "divergence problem", may arise in response to changing moisture availability, which would lead to a non-stationary response in growth rate to temperatures change.
[3] In light of the possibility of uncertainties in the current reconstructions, we present an alternative technique towards the reconstruction of surface temperatures in the southwestern US that is based on variations of d 18 O of tree-ring cellulose [Burk and Stuiver, 1981] . Previous dendroclimate work at the Almagre Mountain site in southern Colorado includes both a multi-centennial assessment of summer (JA) temperature trends based on variations in annual tree ring widths [LaMarche and Stockton, 1974] and occurrence of frost ring formation, which is a qualitative proxy for autumn temperature [Brunstein, 1996] . In addition, regional temperature (AMJJAS) trends back to AD 1600 were reconstructed by Briffa et al. [1992] based on a network of maximum latewood-density timeseries' and regional moisture stress has been reconstructed from the d 13 C of cellulose from Pinyon Pines. The reconstruction presented here is independent of the existing temperature histories derived from variations in growth rate [LaMarche and Stockton, 1974] or density [Briffa et al., 1992] but provides information of comparable resolution and absolute age control. We document the annual cellulose d
18
O record for the past five centuries, demonstrate how the isotopic composition of the cellulose is correlated with local surface temperature and present a forward model of cellulose d
18 O driven by outputs from an isotope-enabled GCM simulation [Yoshimura et al., 2008] 
Methods and Results
[4] Cores from 8 trees were collected in 2007 from a stand of Rocky Mountain Bristlecone Pines (Pinus aristata) at the Almagre Mountain site in central Colorado ($3,450 amsl, 38.8 N, À105.0 W) (Figure 1 ). Each core was cross dated at the University of Geulph using a WindDendro system and then sliced into annual samples for isotopic analysis. The acellulose component of each annual sample was extracted following Anchukaitis et al. [2008] and then analyzed for d
18 O via standard pyrolysis at 1415 C and continuous flow mass spectrometry (see auxiliary material for additional details).
[5] The d
18 O c timeseries' from 8 different trees within the stand were pooled to establish a "stand mean" to assess the signal strength ( Figure S1 ). From this composite two long cores were assessed back to AD 1485 and AD 1515 were selected to generate a continuous five century reconstruction. The average absolute residual between the two-core mean and the stand mean is 0.61‰ in the 20th century, which is taken to be the uncertainty for the long timeseries composite (Figures 1 and S1 ). The two-core composite reproduces 77% of the inter-annual stand variability during the 20th century, suggesting it captures the primary signal at the site. Further, the Expressed Population Signal (EPS) [Wigley et al., 1984] , approaches 0.72, an indication of an acceptable signal from this small population. All subsequent analyses are therefore presented for the two-core composite timeseries, assuming a random source of uncertainty of AE0.61‰ and acknowledging a reduction in signal due to a small composite.
[6] We assess the sensitivity of the Almagre cellulose d 18 O to local temperature by correlating the composite record (using the Robust Regression package in Matlab) against seasonal temperatures from the local meteorological stations at Cañon City (38.42 N, À105.23 E at 1805 m) and Cheesman, CO (39.22 N, À105 .28 N at 2274 m) as well as the CRUTEM3 [Brohan et al., 2006] gridded temperature dataset ( Figure S2 ). We find a significant positive correlation between d
18 O c and temperature for all seasons of the year with the strongest correlation between d
18
O c and summer temperatures (JJA) from the nearest and highest 18 O c for 10,000 iterations of randomly shuffled selections of 10, 20, 30 and 40 years of instrumental data. This assesses how large a window of years is required to see the response of d
18 O c to temperature in spite of the non-temperature factors influencing the proxy. It is not until 30-year blocks of individual years are used that the uncertainty of the fit is significantly small enough (≤0.6 C) to be considered useful as a proxy. Thus, while we report annual values, we consider the reconstruction to be valid only as a proxy for multidecadal to centennial temperature variability.
[7] To test the physical processes that propagate a temperature signal to d
18 O c and to evaluate the long-term stability of this temperature proxy, we produce a forward model of d
O c using seasonally-averaged local meteorological data (temperature and relative humidity) and the isotopic composition of source water and vapor from a nudged isotopeenabled GCM simulation (IsoGSM) [Yoshimura et al., 2008] applied to the "mechanistic model" for cellulose d (Figure 2 ). Prior to this period, the model skill is negligible, due to the fact that the modeled isotopic values for the source water is sensitive to the quality of the atmospheric reanalysis data, which degrades with time prior to the present.
[8] The forward model suggests (consistent with empirical observations) that the temperature signal in the cellulose arises from two origins: 1) the regional temperaturedependence of the d 18 O of the source water and 2) the close relationship between relative humidity and temperature at this site (Figures 1 and 2) . With respect to the first mechanism, during the metabolism of cellulose, photosynthates undergo isotopic exchange with the tree's source water as the water moves through the xylem. Thus, if the isotopic composition of the source water is influenced by temperature, this signal will be propagated to the cellulose [Burk and Stuiver, 1981] . Vachon et al. [2010] find a temperature-dependence of precipitation (i.e., source water) in this region and the modeled isotopic values of precipitation using the nearest grid cell to the Almagre site from the IsoGSM Model also show this relationship (Figure 1 ). The temperature signal in the isotopic composition of precipitation is strongest in winter and spring precipitation, which is a source of moisture these trees rely on [Berkelhammer and Stott, 2009] . With respect to the second mechanism, relative humidity influences d
18 O c by controlling the extent that leaf water becomes isotopically enriched such that by decreasing the degree of saturation in the atmosphere, there is an increase in the enrichment of the leaf water and consequently the sugars used to metabolize cellulose [Sternberg, 2009] . The relative humidity at this site has a consistent inverse relationship with temperature (Figure 1 ) such that years with high temperatures are characterized by low relative humidity and, as a consequence, relatively enriched isotopic values in the cellulose. The two mechanisms (source water and RH) have approximately equal influences in producing the temperature signal in d
18 O c (Figure 2 ), which is determined by calculating the ratio of the correlation coefficient (r) between d
18 O c and temperature when RH or source water isotopic values are treated as constants in the forward model (hereafter referred to as the "r Ratio").
[9] As discussed above, there is a significant source of uncertainty in this reconstruction associated with the tree-totree variability (Figures 1 and S1 ), which while large, is assumed to be random and constant through time. However, because the temperature signal is propagated through multiple processes (i.e., RH and source water, Figure 2) , it is prudent to ask whether changes in the relative influences of these two mechanisms over time would change the slope of the response of d
18 O c to temperature. During the instrumental period there are no observable temporal trends in the response function, however to assess this in a longer, albeit theoretical context, a 10,000 year synthetic cellulose isotopic timeseries was generated by shuffling meteorological and [LaMarche and Stockton, 1974] . (bottom middle) Reconstructed AMJJAS max. temperatures for the region based on variations in wood density variations [Briffa et al., 1992] . (bottom) Difference between the temperatures reconstructed from d
18 O c and ring width variations (purple) and the difference between temperatures reconstructed from wood density [Briffa et al., 1992] and ring width variations (green).
isotopic outputs from a GCM simulation (IsoGSM) and feeding these outputs into a cellulose forward model ( Figures S3 and S4) . We find that fluctuations in the relative sources of the temperature signal have no measurable effect on the slope of the response of d
18 O c to temperature, though the skill of the proxy is affected by changes in this ratio (see auxiliary material). Therefore, given the presence of unknown periods of reduced skill, we further emphasize only the multidecadal component of the reconstruction.
Discussion
[10] During the 20th century, the summer surface temperatures in this region are characterized by a broadly parabolic trend, with minima during the 1930s and early 1980s and a period of relative warmth during the late 1940s to early 1960s (Figure 1) . The temperature reconstruction based on d
18 O c suggests that in terms of mean temperature and multidecadal variance, the 20th century is largely comparable to the preceding 4 centuries (Figure 3) .
[11] Despite the seemingly good correspondence between tree ring width (Figures 3 and S5 ) and d
18
O c proxies during the instrumental period, over much of the previous 400 years the two records exhibit very different climate histories (Figure 3 ). Prior to the mid 19th century the width-based reconstruction indicates temperatures at this site were approximately 0.7 C cooler than during the instrumental era while the d
18 O c reconstruction suggests that temperatures have remained stable. The residual between these two reconstructions ( Figure 3) is sufficiently large and sustained to suggest the existence of a significant bias in one or both of these two proxies that cannot likely be explained as arising simply from random errors in the linear transfer function. Daux et al. [2011] also note an apparent divergence between width and isotope based temperature reconstructions in Larix decidua from France. They attribute the divergence possibly to changes in the soil hydrology (i.e., plant utilization of soil water enriched by evaporation) or moisture stress. At this site, soils are thin and the trees are characteristically shallow-rooted and it is thus unlikely that deeper, low-residence time water would be available. Further no indication of anomalous 20th water stress or abundance is seen in either d 13 C from pinyon pine trees across the region [Leavitt et al., 2007] or widths from lower elevation drought-stressed trees [Cook et al., 1999] .
[12] To help resolve this enigma, an additional temperature proxy that is based on a regional composite of wooddensity measurements is considered [Briffa et al., 1992] (Figures 3 and S5 ). This temperature proxy is independent of both tree growth rate and the isotopic composition of cellulose and is shown to have high skill as a growing season temperature proxy in this region ( Figure S5 ). To test the consistency between density and isotope-derived temperatures we look at the cross-wavelet [Grinsted et al., 2004] between the records ( Figure S6 ). In the multi-decadal window, the density and isotope reconstructions are consistently in-phase with one another through the last 400 years, implying that the two proxies are likely being influenced by a common climate parameter, which we assume to be growing season surface temperature variations. With respect to the cross-wavelet between widths and isotopes, the two appear to only be commonly forced during the 20th century ( Figure S6 ). Further confirmation of this is garnered by looking at early instrumental data from the region (not shown), which indicate that surface temperatures between 1850-1870 were, on average, as warm as those of the 1930s-1960s [Wahl and Lawson, 1970] , which is consistent with the relative thermal stability implied by the isotopic and density reconstructions. Taken together, the d 18 O c and wood density records provide a fairly consistent perspective on multidecadal temperature variations, which suggest a cool bias in the width-based temperatures prior to the mid 19th century.
[13] Previous studies have noted the presence of regional differences between existing width-based temperature reconstructions from across the Rocky Mountains [Kipfmueller, 2008; Biondi et al., 1999; Salzer and Kipfmueller, 2005] , which has been attributed to spatial heterogeneity in surface temperature trends. This mechanism however, cannot be called upon to explain the isotope and width discrepancy observed at the Almagre Mountain site as the two records are co-located with one another. One plausible mechanism could be that changes in water availability may have affected the temperature sensitivity of the widths, such that if conditions were drier prior to the 20th century, than the trees would have experienced a water-limited (as opposed to temperature-limited) regime. However, as stated above, independent regional dendroclimatic indicators of water stress [e.g., Leavitt et al., 2007; Cook et al., 1999] do not find a step-change in the regional moisture domain. An additional mechanism could be that because of the different seasonal sensitivities of the two proxies (isotopes JA and widths/ density AMJJAS), the divergence represents a de-coupling between spring (widths) and summer (isotope) temperature trends [Daux et al., 2011] . Cayan et al. [2001] note for example that the intrusion of cold arctic air masses during the spring have a strong influence on the timing of the onset of growth. If atmospheric circulation patterns prior to the 20th produced more frequent occurrences of these springtime temperature anomalies, it could result in a divergence between spring and summer temperature trends.
Conclusions
[14] The isotope temperature record from this site indicates relatively stable summer season temperatures amidst decadal to multidecadal temperature fluctuations. Although the isotope reconstruction is associated with several significant sources of uncertainty that arise from the transfer function and tree-to-tree heterogeneity, the results highlight the need for, 1) additional efforts to extend a processbased network of temperature reconstructions across the region and 2) develop pre-instrumental forward model simulations (for both widths and isotopes) that could be used to test the assumptions of linearity that underlie the proxy reconstructions.
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